Clb2 degradation, respectively (Moll et al., 1991; Zachariae et al., 1998), and Cdc14 antagonizes the phosphorylation of both proteins (Visintin et al., 1998; Jaspersen et al., 1999) . Although these data suggest that Cdc14 is required to dephosphorylate Swi5 and Hct1 as cells exit mitosis, they fail to address the key question of whether Cdc14 is a regulated component of the biochemical switch that flips the cell from mitosis to G1.
We report here the identification of a protein complex, named RENT, that tethers Cdc14 to the nucleolus throughout most of the cell cycle. As cells progress through mitosis, Cdc14 is released from the nucleolus in a Tem1-dependent manner. We propose that the Tem1-dependent discharge of Cdc14 from the nucleolar RENT complex lies at the heart of the biochemical engine that drives cells from mitosis to G1.
Results

net1-1 Enables TEM1-Independent Clb2 Degradation and Sic1 Accumulation
To delineate how CDC15 promotes exit from telophase, we conducted a genetic screen to isolate tab (telophase arrest bypassed) mutants that allow cdc15⌬ cells containing a complementing [CDC15, URA3] plasmid to survive without the plasmid (W. S. and R. J. D., in prepara- which is 22% homologous to Net1 over 828 amino acids.
following release from ␣ factor arrest, ␣ factor was added back to prevent cells from proceeding through a second cell cycle. At the TAB2 and the tab2-1 allele were subsequently renamed indicated time points (hr), samples were taken to measure Clb2, NET1 (for nucleolar silencing establishing factor and Sic1, and Cdc28 protein levels by immunoblotting.
telophase regulator) and net1-1, respectively. The name NET1 also reflects its independent identification as NUS1 (nucleolar specific silencing protein; Straight et similar conditional allele for CDC15, but first cycle arrest al., 1999 [this issue of Cell]), ESC5 (establishes silencing; was not achieved. E. D. Andrulis and R. Sternglanz, personal communicatem1⌬::GAL1-UPL-TEM1 cells in the wild-type or tion), and TAB2 (this report; W. S. and R. J. D., in preparanet1-1 background were arrested in G1 phase with the tion). NET1 was also identified in a two-hybrid screen mating pheromone ␣ factor and synchronously released for Cdc14-interacting proteins (C. B. and H. C., in prepainto YPD to extinguish expression of UPL-TEM1. As ration). Disruption of NET1 was not lethal, although expected, the majority ‫)%08ف(‬ of NET1 tem1⌬::GAL1-net1⌬ cells grew very slowly (Straight et al., 1999 ; W. S.
UPL-TEM cells arrested with large buds. At 12 hr after and R. J. D., unpublished data).
release, however, ‫%06ف‬ of net1-1 tem1⌬::GAL1-UPLDouble mutant cdc15⌬ net1-1 cells were able to form TEM1 cells exhibited Ն3 cell bodies ( Figure 1A ), indicatcolonies (W. S. and R. J. D., in preparation), as were ing a further round of division without cell separation. tem1⌬ net1-1 and cdc15⌬ net1⌬ cells (Figure 3 ; data Those cells with one to two cell bodies could have renot shown). These genetic data formally suggest that sulted from bypass events followed by successful cell Net1 is an inhibitor of mitotic exit that acts either downseparation. Extensive chains of cells with multiple nuclei stream of, or parallel to, Tem1 and Cdc15. To address were commonly observed in the net1-1 culture but rarely whether net1-1 can efficiently bypass the requirement observed with NET1 cells (data not shown). These data for Tem1 in Clb2 degradation and Sic1 accumulation, suggest that net1-1 efficiently bypasses the cell division we constructed a tem1⌬::GAL1-UPL-TEM1 strain that arrest caused by depletion of Tem1, although net1-1 allowed for the rapid, conditional depletion of Tem1.
tem1⌬::GAL1-UPL-TEM1 cells still appear to exhibit a UPL, which stands for ubiquitin-proline-LacI, acts as a cytokinesis or cell separation defect. destabilizing module that permits rapid degradation of Since Clb2 degradation and Sic1 accumulation norappended proteins (Johnson et al., 1992) . tem1⌬::GAL1-mally accompany exit from mitosis, we tested if net1-1 UPL-TEM1 cells grew at a normal rate in YP-galactose influenced the levels of these two proteins in Tem1-medium (YPG; TEM1 expressed) but exhibited first cycle deficient cells. tem1⌬::GAL1-UPL-TEM1 cells in the arrest in telophase upon transfer to YP-glucose medium (YPD; TEM1 repressed). We also tried to construct a wild-type or net1-1 background were arrested in G1 phase with ␣ factor and released into YPD (Tem1 synthewith Net1. The chromosomal copy of NET1 was modified sis repressed; time 0). After cells had exited G1, ␣ factor to encode a protein with nine copies of the Myc epitope was added back to trap any cycling cells in the next G1 at its N terminus, and Myc9-Net1 was affinity purified phase. Cells were harvested at various time points after from cell extracts on a 9E10 monoclonal antibody matrix. ␣ factor release and assayed for Clb2, Sic1, and Cdc28
Besides Myc9-Net1, three proteins were specifically deby immunoblotting. In Tem1-deficient NET1 cells, Clb2 tected in silver-stained SDS-polyacrylamide gels of accumulated and remained at high levels, whereas Sic1
Myc9-Net1 immunoprecipitates but not in control immuwas degraded as cells exited G1 and remained at low noprecipitates ( Figure 2A ). Protein bands were identified levels ( Figure 1B, left panels) . In Tem1-deficient net1-1 by high mass accuracy matrix-assisted laser desorpcells, Clb2 accumulation and Sic1 degradation were detion/ionization (MALDI) peptide mapping and nanoeleclayed, presumably due to the reduced growth rate of trospray tandem mass spectrometric sequencing comnet1-1 (data not shown). Nevertheless, eventually Clb2 bined in a layered approach (Shevchenko et al., 1996a). was completely degraded and Sic1 accumulated to high One Net1-interacting protein (Cdc14) was identified by levels ( Figure 1B, right panels) . These data suggest that MALDI ( Figure 2B ). Figure 2C, compare lanes 6 and 7) . By a similar analysis, it was confirmed that Myc9-Net1 of Cdc14-HA3 isolated from net1-1 and net1⌬ cells was on average 3.6 and 3.8 times as much as that from bound specifically to Sir2 (Straight et al., 1999). Cdc14-HA3 was also detected in anti-Sir2 immunoprecipitates wild-type cells, respectively ( Figure 4A ). This elevation in Cdc14-HA3-specific activity was not due to altered prepared from wild-type cells ( Figure 2D , lane 6) but not those prepared from sir2⌬ (lane 5), net1-1 (lane 7), or cell cycle kinetics, since the specific activity of Cdc14-HA3 purified from G1-synchronized net1-1 cells was still net1⌬ (lane 8) mutants, suggesting that Net1 bridges the interaction between Cdc14 and Sir2. We refer to the 3.8-to 4.5-fold as high as that obtained from G1-synchronized wild-type cells ( Figure 4B ). Cdc14-Net1-Sir2 complex as "RENT," for regulator of nucleolar silencing and telophase (see Discussion and
To address whether the effect of net1 mutations on Cdc14 protein phosphatase activity was direct, we tested Straight et al., 1999).
We have only performed a cursory analysis of the if immunopurified Myc9-Net1 could inhibit recombinant GST-Cdc14 purified from E. coli. Wild-type or catalytithird Net1-associated protein, Ypl126w. YPL126W was determined to be an essential gene, and Myc9-tagged cally inactive GST-Cdc14 (Taylor et al., 1997) was recruited to matrices that contained either immobilized Ypl126w was localized to the nucleolus by indirect immunofluorescence, consistent with it being an authentic Myc9-Net1 or immobilized anti-GST antibodies. To prepare Net1 beads lacking endogenous Cdc14 activity, Net1-binding partner (W. S., unpublished data). To reflect its known properties, we suggest YPL126W be reMyc9-Net1 was immunopurified from extracts treated with phosphatase inhibitor sodium orthovanadate, which named NAN1 (Net1-associated nucleolar protein).
reduced the amount of endogenous Cdc14 protein bound to Net1 beads (data not shown); to prepare antiAlthough net1-1 Is Defective in rDNA Silencing,
Loss of Silencing Does Not Bypass tem1⌬
GST beads, rabbit ␣-GST antibodies were absorbed to protein A matrix. Following the recruitment step, beadSir2 regulates transcriptional silencing at telomeres and the silent mating type loci (reviewed by Lustig, 1998).
bound GST-Cdc14 was assayed for its phosphatase activity toward 4C). Taken together, these experiments suggest that Net1 directly inhibits the protein phosphatase activity was independently discovered as a Sir2-binding protein (Straight et al., 1999) , and both net1⌬ and net1-1 were of Cdc14. Having established that Net1 is associated with potent shown to be defective in rDNA silencing. This raised the possibility that loss of silencing accounted for the tem1⌬
Cdc14 inhibitory activity, we tested if Net1 might also be a substrate for Cdc14. First, Net1 was a phosphoprobypass activity of net1-1. To test this hypothesis, we compared the bypass activity of net1-1, sir2⌬, sir3⌬, tein in vivo, since a radioactive band with the expected molecular weight of Myc9-Net1 was apparent in immuand sir4⌬ in tem1⌬ cells kept alive by a URA3 plasmid harboring GAL1-TEM1. The parental tem1⌬ [GAL1-TEM1, noprecipitates prepared from 32 P-labeled myc9-NET1 cells but not from untagged cells ( Figure 4D ). Second, URA3] strain failed to grow on 5-fluoroorotic acid immunoblotting of anti-myc immunoprecipitates revealed that Myc9-Net1 isolated from a 37ЊC cdc14-1 culture (nonpermissive temperature) migrated slower in SDS-PAGE than that from a 25ЊC culture (permissive temperature; Figure 4E , lane 3 vs. lane 4). In contrast, no effect of temperature was observed for Myc9-Net1 isolated from wild-type cells ( Figure 4E, lanes 1 and 2) . The slower migrating form of Myc9-Net1 from the 37ЊC cdc14-1 culture was collapsed down to a faster migrating form upon treatment with wild type (A) but not mutant (I) GST-Cdc14 purified from E. coli ( Figure 4E , lanes 5 and 6). Since Cdc14 modulates the phosphorylation state of Net1 in vivo and in vitro, we conclude that Net1 is most likely one of its physiological substrates. In the Discussion, we consider the possibility that Net1 and Cdc14 reciprocally control each others' activities via a negative feedback loop. 
Net1 Resides in the Nucleolus and Is Required for Cdc14 Localization to the Nucleolus
The Release of Cdc14 from Nucleolus Requires Tem1
An intriguing possibility is that tem1 cells fail to exit mitosis due to a failure to dislodge Cdc14 from its Net1 First, it physically assembles with Cdc14 and inhibits its protein phosphatase activity, as evidenced by the RENT complex then reassembles once Clb/Cdk activity is quenched and Tem1-dependent signaling has been fact that the specific activity of Cdc14 is elevated in net1 mutants and Cdc14 recruited to Net1-containing terminated, possibly via a negative feedback loop that involves Cdc14-dependent dephosphorylation of Net1. beads is inactive. Multiple protein kinase inhibitors (e.g., p16, p21, p27; reviewed in Xiong, 1996) and serine/threoWe present five major lines of evidence in support of this model. First, Net1 and Cdc14 assemble into a nine protein phosphatase inhibitors (reviewed in Shenolikar, 1995) have been reported. To our knowledge, Net1 complex, and Net1 is required to anchor Cdc14 to the nucleolus throughout interphase. Second, binding of is the first known protein inhibitor of a member of the protein tyrosine phosphatase family that does not work Net1 to Cdc14 inhibits the protein phosphatase activity of Cdc14 in vitro, and net1 mutants display elevated by a dominant-negative mechanism. It will be interesting to determine whether human Cdc14 homologs (Li et al., Cdc14 protein phosphatase activity. Third, Cdc14 is released from its inhibitory nucleolar tether as wild-type 1997; H. C., unpublished data) and other members of the dual-specificity protein phosphatase family are regcells proceed through mitosis. Fourth, Cdc14 is not released from the nucleolus in cells arrested in late mitosis ulated by Net1-like molecules. As described in the previous section, Net1 also tethers due to deficiency of TEM1 function. Fifth, recessive mutations in NET1 bypass the essential requirement of Cdc14 to the nucleolus from G1 until late mitosis. Whereas Cdc14 is completely delocalized in net1⌬ cells Tem1 for (1) release of Cdc14 from the nucleolus during late mitosis, (2) destruction of Clb2 and accumulation at all stages of the cell cycle, a nucleolar pool of Cdc14 persists in net1-1 mutants during interphase. However, of Sic1 during late mitosis, and (3) growth.
The "RENT control" model opens up several key quesCdc14 is released from the nucleolus in ‫%04ف‬ of Tem1-deficient net1-1 cells in late anaphase/telophase but is tions regarding the function and regulation of RENT. What is the nature of the stimulus that initiates Tem1-released in only 8% of the equivalent Tem1-deficient NET1 cells. These observations are consistent with the dependent signaling? What are the proximal biochemical events that trigger the release of Cdc14 from RENT? notion that release of Cdc14 from its nucleolar bonds requires the action of two independent signals: an unHow is the RENT complex reestablished as cells return to G1 phase? What functions does the RENT complex known signal and the Tem1-dependent signal, both of which are active only during mitosis (Figure 8) . We sugperform in the regulation of nucleolar processes? Identification of the dynamic RENT complex provides a focus gest that net1-1 relieves the requirement for the latter but not the former, such that Cdc14 is still localized for exploring the molecular events that culminate in the release of active Cdc14 during anaphase/telophase.
to the nucleolus in Tem1-depleted net1-1 cells during interphase but is delocalized once they proceed through the inhibition of Cdc14 by Net1. Although we have yet to test this directly, we suggest that Cdc5, Dbf2/Dbf20, mitosis.
The specific activity of Cdc14 is elevated in net1-1 to and Mob1 are also required for the release of Cdc14 from RENT. Active Cdc14 then promotes Clb2 degraabout the same extent as in net1⌬, although the majority of Cdc14 is associated with the nucleolus in net1-1 but dation and Sic1 accumulation (Visintin et 1995). Therefore, it is possible that Net1 also shuttles Intriguingly, we found that Net1 is a phosphoprotein between the nucleolus and the cytoplasm to ferry cytoand can be dephosphorylated by Cdc14. This raises plasmic and nuclear Cdc14 to the nucleolus. the possibility that there is a negative feedback loop Cdc14 is localized to the nucleolus at times during connecting Net1 and Cdc14. We suggest the following the cell cycle when it is not needed and is released from scenario. From G1 to anaphase, hypophosphorylated the nucleolus when its activity is required for cell cycle Net1 binds to and sequesters Cdc14 in the nucleolus. -100, leu2-3, -112, his3-11, -15, trp1-1, ura3-1, ade2-1 To assay if phospho-Net1 might be a substrate for GST-Cdc14, GAL1-UPL-TEM1 shut-off experiments, exponential phase cells GST-Cdc14 and catalytically inactive GST-Cdc14 (C283S) were purigrown in YPG were arrested with ␣ factor (10 g/ml for BAR1 and fied from E. coli as described ( anti-Nop1. Secondary antibodies included 1:1,000 rhodamine-conlacking protease inhibitors. One-third to one-fourth of the washed jugated-donkey-anti-rabbit antibodies (Jackson Lab) and 1:1,000 immunoprecipitates were subjected to SDS-PAGE and immunoblotfluorescein-conjugated-goat-anti-mouse antibodies (Cappel). Imting as described (Harlow and Lane, 1988) . In the experiment deages were captured on a Zeiss Axioskop microscope using Fujiscribed in Figure 4C , 2 mM Na 3 VO 4 was included in the Myc9-Net1 chrome Provia 400 slide film. IP reaction (but not the wash buffers) to inhibit the endogenous Cdc14 from binding to Net1 in the extracts. To prepare anti-GST
